Abstract: High-linearity modified uni-traveling carrier photodiodes on silicon-on-insulator with low AM-to-PM conversion factor are demonstrated. The devices deliver more than 2.5 dBm RF output power up to 40 GHz and have an output third order intercept point of 30 dBm at 20 GHz. Photodiode arrays exceed a saturation current-bandwidth-product of 630 mA·GHz and reach unsaturated RF output power levels of 10 dBm at 20 GHz.
Introduction
Heterogeneous integration of III-V material on a silicon photonics platform through wafer bonding has been demonstrated as a technique to integrate dissimilar materials without compromising their own properties [1] . While this approach is particularly interesting for silicon transmitters [2] , it also leads to low dark current photodiodes with high efficiencies beyond 1.55 µm [3] . Furthermore, heterogeneous integration has the potential to fully exploit bandgap engineering available in III-V materials to design more complex detector heterostructures.
In the present work we use a wafer-bonding technology [1] to integrate high-power highlinearity III-V photodiodes on silicon-on-insulator (SOI) waveguides. We report on the design and experimental results including bandwidth, saturation current, output third order intercept point (IP3), and AM-to-PM conversion factor. Based on the experimental results we believe that our devices are well suited for the use in heterogeneous silicon based photonic integrated circuits for microwave photonic applications [4] .
Design and fabrication
The III-V on SOI layer structure is shown in Fig. 1 . It is based on a previously demonstrated normal-incidence InGaAsP/InP modified uni-traveling carrier (MUTC) photodiode (PD) that has achieved high saturation current and high linearity [5] . The InGaAs absorbing region is comprised of a 250 nm p + and a 50 nm not-intentionally-doped (n.i.d.) absorber layer. In order to form an abrupt doping profile, Be is used as the dopant in the p + absorbing layer. The highly p-doped undepleted InGaAs absorber has been shown to significantly reduce the voltage dependent capacitance contribution to intermodulation distortion at higher frequencies [6] . A 700 nm n.i.d. InP drift layer is inserted between the absorber and the n + contact layer to reduce junction capacitance. Thin bandgap-graded InGaAsP layers are used to smooth the abrupt band barrier at the InGaAs-InP heterojunction interface. The structure also incorporates a 10 nm moderately n-type doped InP cliff layer to maintain high electric field at the absorber-drift layer interface. This is crucial to achieving high saturation current. A 10 nm thick bonding layer and an InP/InGaAsP super lattice are integrated below the p + contact layer to facilitate wafer bonding onto Si and to reduce the propagation of defects into the active region. The PD is evanescently coupled to an underlying SOI waveguide. The thickness of the Si rib and buried oxide layer are 0.7 µm and 1 µm, respectively. The fabrication process starts with dry etching of the SOI waveguides. The passive input waveguide is 2 µm wide and is tapered to 14(10) µm in order to match the width of the active PD region. We chose a relatively large PD width to reduce the optical peak intensity in the absorber and thus improve saturation current. The III-V structure was transferred to the patterned Si through low-temperature oxygen-plasma-assisted wafer bonding [3] . After removal of the InP substrate, we deposited an AuGe/Ni/Au blanket metallization and used self-aligned inductively coupled plasma reactive ion etching (ICP-RIE) to form the n-mesa. Next, the p-mesa was etched, the p-contact metal layers were evaporated, and devices were passivated with a 200 nm-thick SiO 2 film. The probe pads were deposited on a 2.5 µm-thick SU8 layer to reduce RF loss originating from the low resistivity Si substrate [7] .
Experimental results
Waveguide (WG) MUTC PDs with mesa lengths of 100 µm, 50 µm, and 25 µm were fabricated. We measured typical dark currents below 10 nA at 5 V reverse bias voltage. Using a lensed fiber with a spot diameter of approximately 2 µm we measured responsivities of 100 µm-long PDs up to 0.26 A/W at 1.55 µm wavelength (no anti-reflection coating). For 50 µm and 25 µm PDs we obtained 0.25 A/W and 0.11 A/W which suggests that most of the light absorption occurs within the first 50 µm. Based on this result and taking the simulated fiberchip coupling and reflection losses of 5.1 dB into account, we estimated the internal responsivities to be as high as 0.85 A/W. To measure the bandwidth, we used an optical heterodyne setup with an optical modulation depth close to 100%. PDs with lengths of 100 µm, 50 µm, and 25 µm achieved 3dB bandwidths of 15 GHz, 24 GHz and 30 GHz, respectively, as shown in Fig. 2(a) . Figure  2 (b) summarizes the results from all devices we measured. A comparison with calculations suggests that devices with active areas >500 µm 2 are mostly RC-limited. Maximum RF output power levels and saturation currents (i.e. average photocurrent at 1-dB RF power compression) were measured at room temperature (no temperature control) as a function of bias voltage. Figure 3 shows results from a 25-µm PD measured at 40 GHz. The RF output power level and saturation current were 2.5 dBm and 17 mA at 6 V, respectively. The highest output power of a 14x100 µm 2 PD before thermal failure was 8 dBm at 10 GHz, 8 V, and 25 mA. Table 1 summarizes responsivities, 1-dB saturation currents and RF output power levels of 100 µm, 50 µm, and 25 µm devices, all measured at 6 V and 50 Ω external load. While the smallest PD has the lowest saturation current we find that going from 50-µm to 100-µm long PDs does not significantly improve saturation current. We attribute this behavior to the non-uniform illumination profile in the absorber and to the fact that strongest absorption occurs at the input side of the PD. The simulation in Fig. 4(a) illustrates the optical intensity distribution in the plane of the absorber layer. We used commercial beam propagation software and took free carrier effects in the highly doped InGaAs absorber into account by calculating the refractive indices using the method described in [8] and [9] . The result shows that the optical intensity peaks on the first 10 µm and remains considerably lower beyond 40 µm. Assuming that the carrier generation is proportional to the optical intensity, a non-uniform photocurrent distribution follows that can lead to localized areas of strong saturation at high optical input powers. This behavior is in contrast to surface-normal illuminated PDs where nearly perfect uniform illumination can be achieved. A comparison of waveguide and back-illuminated PDs fabricated on one of our previous wafers with the same epitaxial layer stack [10] reveals larger saturation current densities for back-illuminated PDs. As shown in Fig. 4(b) , shorter waveguide PDs are approaching the current density of the back-illuminated PD by 75%. The latter defines the upper limit for this particular epitaxial layer structure. The extrapolation of the curves in Fig. 4 (b) towards shorter PD lengths suggests that highest saturation current densities can be achieved for WG PDs with lengths between 10 µm and 20 µm. It is worth mentioning that for the 100-µm WG PD at high currents (> 20 mA) and voltages (> 6 V) the saturation current only marginally increases with the applied bias voltage; a fact that may be explained by a decrease in carrier velocities due to joule heating [11] . It has been shown that high-power, high-linearity photodiodes provide significant advantages in many analog photonic applications including photonic microwave generation [12] . To characterize PD linearity the photocurrent dependence of the output third-order intercept point of a 24-GHz bandwidth PD was measured using a three-tone setup. As shown in Fig. 5(a) the IP3 reaches values as high as 36 dBm at 1 GHz and 30 dBm at 20 GHz; a result that we primarily attribute to the optimized doping profile of our structure [6] . It is worth mentioning that InP-based normal-incidence MUTC PDs in [5] showed very similar IP3 performance in this photocurrent range. A comparison with measured data from a commercial InP waveguide photodiode (bandwidth: 35 GHz, max. rated current: 12 mA at 3.5 V [13]) indicates an improvement in IP3 of up to more than 10 dB. Another limitation in RF signal generation comes from the fact that PD nonlinearities can potentially degrade the spectral purity of the RF signal by coupling amplitude noise on the optical intensity to phase noise on the microwave signal. Thus, a highly-linear PD with small AM-to-PM conversion factor is important to maintain low phase noise [12] . We determined the AM-to-PM conversion factor from pulse response measurements through FFT similar to the method described in [14] . We used a 1.55 µm fs-pulse laser with 100 MHz repetition rate. Figure 5(b) shows the extracted AM-to-PM conversion factor after taking the derivative of the phase with respect to average photocurrent. Very low AM-to-PM conversion was obtained at 10 GHz up to 25 µA ( = 0.5 Vpp pulse peak voltage), with zero-crossings also observed at 20 GHz and 40 GHz. We found that our heterogeneously integrated MUTC PD has up to 50% lower AM-PM conversion factor at high photocurrents when compared to the commercial InP-PD.
To further enhance saturation current and RF output power, we designed and fabricated arrays in which the photocurrents of multiple PDs, integrated in parallel, are summed on the output pad. Figures 6(a)-(b) show a 2-PD array in that the optical input signal is coupled into a singlemode waveguide and then equally split in a multi-mode interference (MMI) splitter to feed both PDs. It should be noted that the 10x37 µm 2 PDs are located on top of the multimode waveguide at positions where optical simulations predicted two-fold self-images. The responsivity excluding coupling loss was 0.2 A/W. The bandwidth for our 2-PD array is 15 GHz, and taking the 42 mA saturation current measured at 20 GHz and 5 V bias, we achieved a record high saturation current-bandwidth-product of greater than 630 mA·GHz for Si integrated PDs. The maximum RF output power reached 9.3 dBm at 20 GHz. Figure 6(c) shows the 4-element PD array. In this design the input signal is split in a 1x4 MMI splitter (40x900 µm 2 ) to four waveguides, each terminated by a 10x20 µm 2 PD. Although this device had a bandwidth of only 8 GHz (most likely due to higher parasitics) we obtained a high RF output power of 10.2 dBm at 20 GHz and 5 V as shown in Fig. 7(b) . The measurement was limited by the available optical input power as the device was not yet fully saturated. The IP3 was measured at 10 mA and 1 GHz and reached 34 dBm. 
Conclusion
Modified uni-traveling carrier photodiodes and arrays on SOI waveguides were fabricated and characterized. Single PDs reach up to 30 GHz bandwidth and deliver more than 2.5 dBm RF output power up to 40 GHz. Photodiode arrays exceed a saturation current-bandwidthproduct of 630 mA·GHz and reach unsaturated RF output power levels of 12 dBm and 10 dBm RF at 8 GHz and 20 GHz, respectively. A measured IP3 of 30 dBm at 20 GHz and a low AM-PM conversion factor recommend the devices for high-linearity and high-power microwave photonic applications.
